An improved method of motor fault detection based on symbolic time series analysis is proposed, and the method adaptively partition off the region which has the most symbols in the symbolic series into two new regions. The method makes that the regions with more information are assigned more symbols relatively but those with sparse information are assigned fewer symbols, which enhances the sensitive degree of symbols to the signal. Laboratory experiments of fault diagnosis of broken rotor for inductive motor show that comparing with the uniform partition, the new method is more sensitive to the system and also owns a stronger robustness and a better reliability.
INTRODUCTION
Motor plays an important role in industrial production, and the break down of motor incidentally would induce great loss to the production process. It's very significant for industrial production that detects and diagnoses the fault in the operating motors, meanwhile the technology of motor detection online raises researchers' concern about it more and more [! · 31 . The earlier detecting the anomaly of motor, the more reducing the disasters in the incipient fault stage, and then could insure the safety and the reliability of the motor systems. This paper would introduce a new rotor broken detecting way based on symbolic time series analysis (SAT A). Though the new method is simple, it's very effective to detect the anomalous condition of motor rotor quickly and accurately.
Signal processing technology develops in two parallel ways all the times, and one is real number series processing the other is symbolic series processing [41 . Symbolizing the real number into symbolic series then establishing the symbolic series model is a new approach for understanding the characters of real number series system. Symbolizing the real number, namely, coarsely deal the original data, and remove the nonessential character meanwhile remain the information which could express the key character of system. It will be beneficial to mine the hidden pattern by the symbolic series model based on above mentioned. An outstanding merit of SAT A is that the calculating efficiency using the way is much higher than the calculating efficiency using original data, moreover, SAT A is not sensitive to the measure noise, hence it has a good robustness.
SYMBOLIC TIME SERIES ANALISIS
SAT A is an analysis method originated from Symbolic Dynamics theory, Chaos time series analysis and information theory, and its essence is symbolizing the series data. The basic idea of Symbolizing data is that discrete the time series data at several possible values, and turn possible values of data series into several symbolic series which are different from each other. SATA are widely applied in physics field and hydromechanics field, and it's a new research field that use SATA to detect the anomaly of complex system. Recently, USA Army Research Office has interested in the research field, and a fault detecting system has been successfully applied in electromechanical field by A.Ray who comes from Pennsylvania State University.
SATA includes the symbolizing of time series data and the statistics quantitative analysis of symbolic series.
The basic idea of symbolizing the time series data is discrete many different time series into several possible values. The data is assigned to one of the symbols (the number of symbol is n) depending on the magnitude of the given data (for example, n=2, the time series data is assigned to A or B; n=4, the time series data is assigned to A, B, C or D.). The number n is called the size of symbol set. For example, symbolizes data series, (2, 3,-1,-2,-2,-1, 1), if symbol size is chosen to 2, then {A, B} is the symbol set. If symbolizing the data series depends on the positive and negative of the data value, namely, the data is denoted by A if the data is greater than zero, the data is denoted by B if the data is smaller than zero, then, the symbolic time series are denoted by AABBBBA, the process of symbolizing is shown in Figure 1 . Some literatures proposed different approaches for constructing symbol sequence from time series data, which include the way based on maximum cluster and the way based on entropy, besides, literature [5] given a symbolic false nearest neighbors approach that optimized the generating partition by avoiding topological degeneracies.
Wavelet could perfectly analyze character of the local time domain and frequency domain, and using wavelet to analyze the characteristic frequency of typical fault could detect the fault signal effectively. Thus, the anomaly condition can be effectively detected by analyzing the symbolized wavelet coefficient after wavelet transformation (6) (7). An important practical advantage of SAT A is that the efficiency of numerical computation is greatly increased over what it would be for the original data, and the analysis result will be more accurate. A threshold-based uniform partitioning scheme was introduced in [8] . In this approach, the maximum and minimum of the scale series are evaluated and the ordinates between the maximum and minimum are divided into equal-sized regions. These regions are obviously mutually disjoint and thus form a partition. Each region is then labeled with one symbol from the alphabet. If the data point lies in a particular region, it is coded with the symbol associated with that region. Thus, a sequence of symbols is created from a sequence of scale series data.
Partitioning is a key step in SA T A. For evenly distributed signal, the way of uniform partitioning is ideal, but most signals are non-even. Intuitively, it is more reasonable if the regions with more information are partitioned finer and those with sparse information are partitioned coarser. Traditional uniform partitioning can't realize what mentioned above obviously. To achieve this objective, and improve the shortcoming of the uniform partitioning, an alternative approach is proposed for partitioning, which is based on maximization of entropy and is called adaptive partitioning approach in the sequel.
Adaptive partitioning approach is presented below.
(1). Uniform partition n regions between the maximum and the minimum of the series data, then n symbols are generated, and symbolized the series data with n symbols.
(2). Decide whether go ahead partitioning by calculate Shannon entropy. In this paper, H(n) is chosen as the Shannon entropy after symbolizing series data. H(n) can be expressed as:
where Pi represents the probability of occurrence of the symbol Bi . Defme:
Choice the threshold ch , and 0 < ch < 1.
If !ili(n) > ch' then go to step 3, otherwise quite.
(3). Find the region that the probability of the symbol is the biggest, then partition off the region into two regions uniformly. Same time, n = n+ 1. The new symbol region is added in the finer data area, and the resolution of symbolic analysis of the finer data area is enhanced. (4) . Process the series data and tum to symbols again depend on the approach mentioned above. Go to step 2.
After adaptive partitioning, the intensive data are partitioned finer and the sparse data are partitioned coarser, then the intensive regions which include abundant signal information are even more sensitive to the variations of signal. So the approach catches the anomaly of motor more quickly and sensitively. Figure 2 and figure 3 express the circumstances of uniform partitioning and adaptive partitioning respectively.
Symbol statistic analysis
After symbolizing the series data, the characters of symbol series should be extracted, then the characters of the symbol series should be counted and analyzed. In this paper, the occurrence frequency of the symbols in the symbol series are made count on by the symbol statistic method, calculate the number N of all the occurrence symbols and the occurrence time mi of a certain symbol in the symbol series. Then the symbol occurrence probabilities P{P I ' P 2 ... Pn} are obtained. Where,
P i is the occurrence probability of symbol i in symbol series. From the analysis on the occurrence probability of symbol, the anomaly of motor can be recognized. The probability vector can be expressed intuitively by the histogram of symbols series. When the elements of fault characters are included in the collected data, the big change would happen according the occurrence probabilities of symbols, the histogram of symbols will change obviously. What it tells that the motor is operating under the anomaly condition, and predicts that the motor even could break down. Then the maintainer could detect the anomaly of the motor as soon as possible, and prevent the disaster originating from motor fault. An anomaly detection index M is selected in this paper in order to discriminate whether the signal is a fault signal, and the index is the relative entropy of the symbol occurrence probability.
Where p / represents the probability of occurrence of the symbol i at the k th sample data. Before deciding, a threshold of anomaly index is chosen first. Then the motor would be considered as operating under anomaly condition if M > C , and it would much more likely convert into fault condition.
EXPERIMENT AND VALIDATE
Rotor broken is a common fault in inductive motor. The rotor broken fault diagnosis of inductive motor is realized in this paper through symbolic analysis of stator current signal data of motor. A healthy motor and a rotor broken motor are selected in the experiment, and the parameters of the two motors are the same, the power is 3 KW, 2 p=4 , s=0.04 . Sample the signal 2048 times (frequency is 2k1s). The test bed is shown in Figure 4 . Five group current signal of health motor and five group current signal of fault motor are analyzed in the test.
Fig 4 Test bed of Motor
Lifting wavelet has the merits that the calculating cost is low, and the consuming resource is less, so it is benefit for detecting the fault of motor. The lifting wavelet coefficients can be regard as one of the time series, so the method of symbolic time series analysis could be used to analyze the coefficients of lifting wavelet. In this paper, the adaptive partition method is adopted and the algorithm is selected which mentioned above. In this method, threshold ch is selected 0.2 depending on engineering experience. The original number of region in adaptive partitioning is selected 2, and after 4 times iteration, t:Jf(n) < ch , it is satisfied with the threshold, so partitioning stops. The symbolic series is partied into 6 symbol regions, and it is represented by symbol set {A, B, C, D, E, F}. In order to contrast the results of adaptive partitioning, the results of uniform partitioning for the same symbol are also introduced in this experiment, and the partied regions is 6 too. Figure 5 -8 depict the partitioning results of the two methods. After symbol partitioning, the symbol statistic analysis is used to calculate the occurrence probabilities of symbols, the probabilities are represented by symbol probability vector P{P"P2 ... Pn} . The results of relative entropy indicate that the relative entropies of same kind of signal are very small, however the relative entropies of different kind of signal are very big, so the relative entropy can be used to distinguish the healthy condition and fault condition of motors. Though both the relative entropy of two partitioning methods could distinguish the healthy signal and fault signal, the difference of relative entropy between the healthy signal and fault signal is more obviously in adaptive partitioning method than in uniform partitioning method, and the fault signal are recognized more easily in adaptive method. This indicates that the adaptive partitioning method is more sensitive to the fault signal. Also the robustness and reliability of adaptive method are stronger, and the new method could greatly reduce the false alarm and missing alarm in the system.
COUCLUSION
A new fault diagnosis method of motor based on SAT A is proposed in this paper, using STSA to analyze the stator current signal of motor has the merit that could remove the un-essence characters of the signal and remain the key of the signal. The method reduces the amount of calculation and enhances the effectiveness of the calculation. In the step of symbol region partitioning, an adaptive partitioning algorithm is applied, and the regions with more information are partitioned more symbols and those with sparse information are partitioned less symbols. The new method improves the sensitiveness for the fault diagnosis system to weak fault signal, and it is benefit for the system to detect the incipient fault of motors in early time. The experiment of fault diagnosis for motor broken bar shows that the new algorithm is simple and effective, also it has the more diagnosis accuracy and detection effectiveness than the uniform partitioning algorithm.
